The ventral neural tube of vertebrates consists of distinct neural progenitor domains positioned along the dorsoventral (DV) axis that develop different types of moto-and interneurons. Several signalling molecules, most notably Sonic Hedgehog (Shh), retinoic acid (RA) and fibroblast growth factor (FGF) have been implicated in the generation of these domains. Shh is secreted from the floor plate, the ventral most neural tube structure that consists of the medial (MFP) and the lateral floor plate (LFP). While the MFP is well characterized, organization and function of the LFP remains unclear. Here, we describe the novel homeobox gene nkx2.2b that is strongly expressed in the trunk LFP of zebrafish and thus represents a unique marker for the characterization of LFP formation and the identification of LFP deficient mutants. nkx2.2b and its paralog nkx2.2a (formerly known as nk2.2 and nkx2.2) arose by gene duplication in zebrafish. Both duplicates show significant differences in their expression patterns. For example, while prominent nkx2.2a expression has been described in the ventral brain [Barth, K.A., Wilson, S.W., 1995. Expression of zebrafish nk2.2 is influenced by sonic hedgehog/vertebrate hedgehog-1 and demarcates a zone of neuronal differentiation in the embryonic forebrain. Development 121, 1755-1768], hardly any expression can be found in the trunk LFP, which is in contrast to nkx2.2b. Overexpression, mutant and inhibitor analyses show that nkx2.2b expression in the LFP is up-regulated by Shh, but repressed by retinoids and ectopic islet-1 (isl1) expression. In contrast to previously described zebrafish trunk LFP markers, like e.g. tal2 or foxa2, nkx2.2b is exclusively expressed in the LFP. Thus, it represents a unique tool to analyse the mechanisms of ventral neural tube patterning in zebrafish.
Introduction
The floor plate represents the ventral most structure in the developing neural tube of vertebrates. One of its major functions is the specification of distinct classes of neurons and glia cells along the DV axis of the neural tube. This is mediated by secretion of the signalling molecule Sonic Hedgehog (Shh; Echelard et al., 1993; Krauss et al., 1993; Riddle et al., 1993; Roelink et al., 1994 ) from cells of the floor plate and the underlying notochord. Shh activity forms a ventral to dorsal gradient within the neural tube (Chiang et al., 1996) . According to their sensitivity to Shh, different homeobox genes are induced (class II) or repressed (class I) at distinct threshold concentrations of Shh leading to spatially restricted expression domains. This defines five distinct neuronal progenitor regions along the DV axis of the ventral neural tube (reviewed in . The combinatorial activity of these homeobox proteins activates specific cell fate determinants leading to the differentiation of distinct neuronal subtypes (reviewed in Briscoe et al., 2000) .
In higher vertebrates, nkx2.2 is expressed within the p3 neural progenitor domain (Ericson et al., 1997; Shimamura et al., 1995) , which is defined in chicken as the region located dorsolateral to the shh expressing floor plate and ventral to the pax6 expressing motoneuronal precursor domain (pMN; . Addition of high concentrations of Shh cause a dorsal expansion of nkx2.2 expression in early neural plate explants, while elimination of Shh signalling blocks nkx2.2 expression (Briscoe et al., 2000; Ericson et al., 1997) . This places Nkx2.2 into the class II of homeobox proteins.
Recently, it has been shown that nkx2.2 expression overlaps with shh in the chicken neural tube indicating expression in the lateral region of the floor plate (Charrier et al., 2002) . Marker expression analyses in most vertebrates have shown that the floor plate consists of two different cell populations (reviewed by Strähle et al., 2004) . These are centrally located cells constituting the medial floor plate (MFP) and flanking rows of cells that are called lateral floor plate (LFP) . So far, a direct identification of the LFP was not possible since no marker gene was known that is exclusively expressed in the LFP of the zebrafish trunk region.
In zebrafish, the formation of MFP and LFP is regulated by different molecular mechanisms. MFP formation is induced during gastrulation within the embryonic shield by several factors, most notably nodal-related Cyclops (Sampath et al., 1998; Le Douarin and Halpern, 2000; Tian et al., 2003) . The LFP, in contrast, is specified by Shh secreted from the MFP and the underlying notochord (Schauerte et al., 1998; Odenthal et al., 2000) . An analysis of LFP defects in hedgehog (hh) mutants, however, was limited by the absence of markers exclusively expressed in the LFP.
Previously, a nkx2.2 ortholog has been isolated and characterized in zebrafish (nkx2.2a, formerly described as nk2.2; Barth and Wilson, 1995) . The nkx2.2a gene is expressed in the ventral brain directly adjacent to shh expressing cells and is regulated by Shh signalling (Barth and Wilson, 1995) . In contrast to the situation in mice and chicken Ericson et al., 1997) , nkx2.2a shows hardly any expression in the trunk. In a database search for nkx2.2a related zebrafish genes, we identified an nkx2.2a paralog that was named nkx2.2b. Phylogenetic and expression analysis suggests that these genes arose by a fishspecific gene duplication and subsequently acquired differential transcriptional control. Here, we show that nkx2.2b is strongly expressed in the trunk LFP and is regulated by Shh, RA and Islet-1.
Results

Two nkx2.2 genes in zebrafish
Using the published nkx2.2a sequence (Barth and Wilson, 1995) as a query, we identified two overlapping EST's in the public zebrafish database that encode partial proteins related to, but significantly different from Nkx2.2a. This putative new protein was named Nkx2.2b and consists of 237 amino acids (aa) showing 57.6% aa identity (65.7% similarity) to zebrafish Nkx2.2a. Sequence differences were distributed on the whole protein sequence length (Fig. 1A) , indicating that Nkx2.2a and Nkx2.2b are encoded by different divergent genes and do not result from alternative splicing of a same primary transcript. Nkx2.2b contains a highly conserved homeobox and an NK2-specific domain (Fig. 1A) . All methods of phylogenetic analysis used concordantly confirmed that zebrafish Nkx2.2b is more related to vertebrate Nkx2.2 sequences than to any other kind of Nkx2 proteins (Fig. 1B) . Nevertheless, Nkx2.2b is clearly divergent from other Nkx2.2 sequences (Fig. 1B) , and aa substitutions were found in zebrafish Nkx2.2b at positions otherwise conserved in vertebrate Nkx2.2 sequences (Fig. 1A) . No second nkx2.2 gene was detected in the genome of the pufferfish Takifugu rubripes (http:// fugu.hgmp.mrc.ac.uk/blast/) or in vertebrate DNA sequences available in public databases.
Using radiation hybrid mapping, we mapped nkx2.2b to linkage group (LG) 20 between markers Z3954 and Z13626. On the other hand, the originally described nkx2.2a (Barth and Wilson, 1995) maps to LG17 (http://zfin.org/). The position of both genes was confirmed using the Ensembl Blast server (http://www.ensembl.org/Danio_rerio/). Interestingly, several other examples of ancient zebrafish duplicates with one paralog on LG17 and one on LG20 have already been reported, including bmp2a/b, snap25a/b and sox11a/b (Taylor et al., 2003) . Particularly, we found that bmp2b is closely linked to nkx2.2b. These paralogies are supposed to have resulted from an ancient event of genome duplication early in the fish lineage (Meyer and Schartl, 1999; Taylor et al., 2003; Volff and Schartl, 2003) .
Analysis of zebrafish genomic sequences (http://www. ensembl.org/Danio_rerio/) also showed that each copy of nkx2.2 is intimately linked (less than 150 kb) to one copy of nkx2.4 (one of these copies has been previously called nkx2.1a; Rohr and Concha, 2000; Fig. 1B) . Such a clustering is also observed between the unique nkx2.2 and nkx2.4 genes in mammals (Wang et al., 2000) . The molecular phylogeny of zebrafish nkx2.4 paralogs is consistent with a fish-specific gene duplication (Fig. 1B) , and the presence of both nkx2.4 genes in Fugu (data not shown) suggests that this event predated the divergence between Fugu and zebrafish. Hence, partially paralogous segments, each including a copy of nkx2.2, nkx2.4 and of other fish-specific gene duplicates (bmp2, snap25 and sox11), are present on LG17 and LG20 in zebrafish and might be remnants of an ancient fish-specific genome duplication.
nkx2.2b is dynamically expressed during early embryonic stages
The expression pattern of nkx2.2b during early zebrafish embryogenesis was determined by RNA whole mount in situ hybridization and compared to nkx2.2a, floating head (flh) and shh expression. nkx2.2b transcripts were first identified during midgastrulation (70% epiboly) in a small Phylogenetic analyses were performed on an alignment of 347 amino acids using the maximum parsimony (first bootstrap values, 100 pseudosamples) and neighbour-joining methods (second bootstrap values, 1000 pseudosamples, Saitou and Nei, 1987) as implemented in PAUP* (Swofford, 1998) , as well as quartet-based maximum likelihood analysis with TREE-PUZZLE (third values, Schmidt et al., 2002 cluster of cells at the level of the future posterior forebrain ( Fig. 2A-C) . These cells appear as neuroectodermal cells, as they are located dorsal to the visual boundary between neural ectoderm and the involuting mesoderm (Fig. 2B) . At bud stage, nkx2.2b is expressed in a broad domain in the prospective ventral head region (Fig. 2D,E) . At this stage, nkx2.2b transcripts co-localize with flh ( Fig. 2G) and shh (Fig. 2F) , which are expressed in cells of the extending axial mesoderm (Krauss et al., 1993; Talbot et al., 1995) . nkx2.2b shows a similar expression pattern compared to nkx2.2a at 80% epiboly, except that nkx2.2a extends more rostrally (Fig. 2H) . As development progresses, nkx2.2b undergoes a rostral-to-caudal extension in the ventral neural tube of the trunk (Fig. 2J-L) . This directly follows the expansion of shh in the trunk MFP (Fig. 2I) . At the 7-somite stage, nkx2.2b expression (Fig. 2K) reaches 
nkx2.2a and nkx2.2b show only partially redundant expression patterns
In order to analyse whether both nkx2.2 genes are under differential transcriptional control, we compared their expression patterns in 18s stage embryos when expression differences have been manifested. At this stage, nkx2.2a and nkx2.2b show partially overlapping expression in the ventral CNS, however, also significant differences were observed. nkx2.2a is strongly expressed in the rostral brain with a dorsal expansion into the mid-diencephalic boundary (MDB; Fig. 3A ,C; and Barth and Wilson, 1995) , while nkx2.2b is not expressed in this domain (Fig. 3B,D) . In the ventral midbrain, nkx2.2a shows graded expression and a gap in the mid-hindbrain boundary (MHB), while nkx2.2b appears uniformly expressed in the ventral brain throughout this region. In mice, knock-out studies have shown that Nkx2.2 is crucial for pancreas differentiation (Sussel et al., 1998) . In zebrafish pancreatic precursor cells, nkx2.2a shows a strong expression (Fig. 3E,G; and Barth and Wilson, 1995; Biemar et al., 2001) , while nkx2.2b is not expressed in this area (Fig. 3F,H ). These differences indicate that both riboprobes used are gene specific. In the caudal hindbrain, nkx2.2a and nkx2.2b are expressed similarly in the ventral neural tube in two broad and parallel rows of cells (Fig. 3G,H ). More posteriorly in the trunk spinal cord, these rows get restricted and are only one cell in width (Fig. 3I,J) . Importantly, while nkx2.2a is only barely detectable in the ventral spinal cord of the trunk (Fig. 3A,K ), nkx2.2b shows a continuous and strong expression along the complete AP axis (Fig. 3B,L) . To identify the exact position of nkx2.2b expressing cells in the zebrafish ventral spinal cord, we compared the expression of nkx2.2b with different ventral marker genes (foxa2/axial/HNF3b, Strähle et al., 1993; islet-1, isl1, Inoue et al., 1994; olig2, Park et al., 2002; pax6a, Krauss et al., 1991; sonic hedgehog, shh, Krauss et al., 1993; tal2, Pinheiro et al., 2004) . In zebrafish, the floor plate consists of a single row of centrally located MFP cells and two flanking rows of LFP cells (Fig. 3M , Odenthal et al., 2000) . nkx2.2b positive cells were located directly adjacent to, but not overlapping with shh expressing MFP cells (Fig. 3N ). Comparison with foxa2 showed that nkx2.2b together with shh encompasses the complete floor plate. This indicates that in the zebrafish trunk nkx2.2b is exclusively expressed in the LFP. nkx2.2b also co-localizes with tal2 in the LFP (Fig. 3O ), but tal2 is also expressed in more dorsally located neural progenitor domains (arrows in Fig. 3O ). Comparison of nkx2.2b expression with olig2 expressed in the motoneuron progenitor domain (Fig. 3P ) and isl1 expressed in primary motoneurons (Fig. 3Q,R) showed that motoneuronal precursors are positioned directly adjacent to nkx2.2b expressing LFP cells ( Fig. 3R ) with no additional cells located between them. One possible explanation for this could be that no cells equivalent to p3 neural progenitors are present between motoneuron progenitors and LFP cells in zebrafish embryos at the 18s stage. However, it remains to be shown whether these progenitor cells are formed during later stages. Consistent with the finding of Pax6 as a direct class I repressor of nkx2.2 in higher vertebrates , nkx2.2b positive cells appear to be positioned directly adjacent to pax6 positive cells in the posterior trunk and tail of zebrafish (Fig. 3S) .
Taken together, nkx2.2b expression is restricted to the LFP that is directly adjacent to the motoneuron domain in zebrafish. This is in contrast to the situation in chicken, where the nkx2.2 domain is broader and includes LFP and the p3 neural progenitor domain that are positioned next to each other along the DV axis (Briscoe et al., 2000; Charrier et al., 2002) .
nkx2.2b expression depends on Sonic Hedgehog, but not Cyclops signalling
In higher vertebrates, nkx6.1 and nkx2.2 are activated by distinct threshold concentrations of Shh (Briscoe et al., , 2000 . To determine whether also nkx2.2b transcription is regulated by Shh or factors involved in MFP specification, we investigated the effect of Shh and Cyclops (Cyc, Nodal-related 2; Rebagliati et al., 1998; Sampath et al., 1998) on nkx2.2b expression. As expected, overexpression of Cyc resulted in an expansion of midline structures, including a bilateral enlargement of the MFP (nZ30/34, 88%; Fig. 4F ). Nevertheless, only a slight dorsal expansion of nkx2.2b in the ventral spinal cord was observed (Fig. 4D-F) . On the other hand, in Nodal deficient one eyed pinhead (oep; Gritsman et al., 1999) mutants that lack the entire trunk MFP (Strähle et al., 1997) , but form a LFP (Odenthal et al., 2000) , expression of nkx2.2b is not impaired (nZ17/17, 100%; Fig. 4G-I ). This demonstrates that nkx2.2b transcription is neither regulated nor dependent on nodal signalling. This is in contrast to the situation of nkx2.2a, which is down-regulated in Nodal deficient cyclops (cyc) mutants (Barth and Wilson, 1995) .
Overexpression of Shh resulted in a strong dorsal expansion of nkx2.2b expression in the caudal diencephalon, the mesencephalon and single rhombomeres of the hindbrain (nZ64/64, 100%; Fig. 4J ). nkx2.2b showed weak ectopic expression in the MDB and a strong expansion in the MHB region (Fig. 4J) . In the trunk, nkx2.2b expression was expanded in the complete neural tube, but never found ectopically in the MFP (Fig. 4K,L) . The observed upregulation by ectopic Shh indicates that nkx2.2b expression in the LFP is activated by HH signalling from the MFP and/ or notochord. This therefore defines Nkx2.2b as the first described class II homeobox factor in the neural tube of zebrafish. We next analysed nkx2.2b expression in several zebrafish hh deficient mutants including detour (dtr, gli1; Karlstrom et al., 2003) and you-too (yot, gli2; Karlstrom et al., 1999) carrying deficiencies in transcription factors downstream in the HH signalling cascade, sonic you (syu; Schauerte et al., 1998) with a mutation in the ligand Shh, as well as slow muscle omitted (smu; Varga et al., 2001 ) with a deficient HH signal transducer Smoothened. Different effects on nkx2.2b expression were observed in the head regions in all four homozygous hh mutant embryos (Fig. 5C,E,G,I ). The mildest phenotype was observed in homozygous yot mutants. Here, nkx2.2b was lost in the MHB domain and reduced in the hindbrain, but remained in the anterior head region (Fig. 5C , compared to wild-type in Fig. 5A,B) . In homozygous dtr mutants, nkx2.2b was markedly reduced in the hindbrain, but expression was still evident in the anterior head (Fig. 5E) . In homozygous syu mutants, on the other hand, expression in the anterior head was lost and nkx2.2b expression was only found in the ventral midbrain and in two rostral rhombomeres (Fig. 5G) . Finally, in homozygous smu mutants, nkx2.2b expression in the head was completely absent (Fig. 5I ). Most importantly, nkx2.2b expression was completely absent in the trunk of all four mutants analysed (Fig. 5D ,F,H,J). This shows that Shh is required for nkx2.2b expression. It furthermore directly confirms that Shh signalling is required for the specification of the trunk LFP, as has been reported in earlier mutant analysis with markers differentially expressed in MFP and the complete floor plate (Odenthal et al., 2000) .
RA and Isl1 repress nkx2.2b expression
We investigated whether nkx2.2b is regulated by retinoic acid (RA) signalling, which has been shown to be crucial for ventral neural tube patterning (Novitch et al., 2003) . As reported earlier (Begemann and Meyer, 2001; Grandel et al., 2002) , treatment with 100 nM all-trans RA resulted in an overall posteriorization of embryos (inset in Fig. 6C ). In these embryos, we observed a severe reduction of nkx2.2b expression in the mid-and hindbrain region (nZ17/28, 61%, Fig. 6C ). In contrast, expression in forebrain and trunk appeared normal (Fig. 6C and data not shown) . In the head region, a complete lack of nkx2.2b expression was observed in embryos treated with as low as 1 mM all-trans RA (nZ23/ 27, 85%; data not shown). In embryos incubated with 100 mM all-trans RA, nkx2.2b expression was also repressed in the entire trunk region (nZ20/36, 56%; Fig. 6D ). The expression level of olig2, however, was increased (inset in Fig. 6D ) excluding the possibility of a general gene repression by high RA doses in these embryos. These data indicate that nkx2.2b expression is gradually repressed by exogenous all-trans RA and that different cell types along the AP axis show variable sensitivities to RA.
We next analysed the effect of RA deprivation on nkx2.2b regulation by incubating embryos in 10 mM diethylaminobenzaldehyde (DEAB), an inhibitor that prevents endogenous RA synthesis (Perz-Edwards et al., 2001) . These embryos showed a generally anteriorized head phenotype with, e.g. reduced krox20 expression in rhombomere r5 (inset in Fig. 6H ) similar to what has been reported earlier (Begemann et al., 2004) . Embryos with deprived RA signalling showed normal nkx2.2b expression in the forebrain, but a significantly broader expression more posteriorly, especially within the hindbrain (nZ13/17, 76%; Fig. 6H ). In the trunk region, we observed a dorsal expansion of nkx2.2b expression in the ventral neural tube, however, no ectopic expression in the MFP was detected (Fig. 6I) . The expression domain of olig2 on the other hand was thinner (nZ19/22, 86%; Fig. 6J ) suggesting an enlargement of the nkx2.2b domain at the expense of the olig2 expressing motoneuron domain. Taken together, this indicates that retinoids synthesized in the paraxial mesoderm , and references therein) are required to prevent expansion of nkx2.2b into more dorsal regions of the neural tube and to allow correct formation of the motoneuron precursor domain (Fig. 6R) . This is consistent with the finding that retinoid receptors show widespread expression in the neural tube of zebrafish (Joore et al., 1994; .
To investigate the effect of motoneuron specific transcription factors on nkx2.2b, we overexpressed the LIM homeobox transcription factor gene islet-1 (isl1, Inoue et al., 1994) . This resulted in a complete loss of nkx2.2b expression in the posterior trunk (Fig. 6N, nZ80/91, 88%) . In the majority of isl1 injected embryos, foxa2 expression was reduced to the MFP (Fig. 6O ) or completely absent (Fig. 6P) . Thus, ectopic isl1 expression prevents expression of floor plate markers in the ventral neural tube. Instead in some regions, we observed ectopic expression of the Znp-1 epitope in the most ventrally located cells (arrow in Fig.  6Q ). As Znp-1 is a cell-surface antigen present on the cell bodies of primary motoneurons and their axonal projections ( Fig. 6M ; Melancon et al., 1997) this could suggest that in isl1 injected embryos ventral neural tube (Begemann and Meyer, 2001) . (E-J) Interference with endogenous retinoid synthesis by DEAB treatment up-regulates nkx2.2b. (E-G) Expression of nkx2.2b in head (E) and trunk (transversal section in F), emx1/krox20 in head (inset in E) and olig2 in the trunk (transversal section in G) of control embryos treated with 10% DMSO. (H-J) Treatment of embryos with 10 mM DEAB results in the expansion of nkx2.2b expression in the head (H) and trunk (I) and a reduction of olig2 (J). Change of krox20 expression (inset in H) confirms anteriorization as described previously (Begemann et al., 2004) . (K-Q) Ectopic isl1 expression inhibits nkx2.2b activation in the trunk. Expression of nkx2.2b (K,N), foxa2 (L,O,P) and Znp-1 (M,Q) in a non-injected control embryo (K-M) and in an embryo injected with 70 pg isl1 RNA at the 18s stage (N-Q). In isl1 injected embryos, foxa2 is reduced to the MFP (O) or completely lost (N,P). In some areas, the ventral most neural tube cells express Znp-1 (arrow in Q). (R) Schematic model of interactions in the ventral neural tube restricting nkx2.2b expression to the LFP. RA, signalling induced by retinoids derived from paraxial mesoderm. Scale bar in (H) represents 100 mm (for A-H), in (J and Q) 20 mm (for F,G,I,J,L,M,O-Q), and in (N) 100 mm (for K,N). cells adopt certain motoneuronal instead of floor plate characters. However, more careful analysis using other markers is needed to clarify this possible transdifferentiation.
Discussion
Evolutionary origin of zebrafish nkx2.2 gene duplicates and possible subfunctionalization
The molecular phylogeny of vertebrate Nkx2 proteins (Fig. 1) suggests that the nkx2.2 genes have been formed by duplication before the divergence between fish and tetrapods, and that nkx2.2b has been subsequently lost in mammals and in the Fugu lineage. On the other hand, each zebrafish nkx2.2 duplicate is included in large paralogous linkage groups (LG17 and LG20), each containing a copy of other fish-specific duplicates including nkx2.4, bmp2, snap25 and sox11. Particularly, paralogous nkx2.2/nkx2.4 clusters are present on LG17 and LG20. The presence of large paralogous segments in divergent teleost genomes has been explained by an ancient event of whole genome duplication having taken place early during the evolution of the fish lineage (Meyer and Schartl, 1999; Taylor et al., 2003; Volff and Schartl, 2003) . This might have been followed by asymmetric divergence of the duplicates, i.e. nkx2.2b might have accumulated after duplication many more non-synonymous (protein sequence-changing) mutations than nkx2.2a. This phenomenon, which would explain the 'outgroup' basal position of Nkx2.2b in the molecular phylogeny, has been already observed for many ancient fish-specific duplicates (Van de Peer et al., 2001; Winkler et al., 2003a) . Both paralogous nkx2.2/nkx2.4 clusters might have been maintained in the zebrafish, but nkx2.2b might have been lost from one cluster in the Fugu lineage.
The partially overlapping expression of duplicated nkx2.2 genes makes it very likely that these factors function redundantly in zebrafish. This could obscure functional analyses in future gene knock-down approaches. However, the nkx2.2 genes also show non-overlapping expression domains, e.g. in the mid-hindbrain and the mid-diencephalic boundary, as well as the developing pancreas suggesting a lack of redundancy in these tissues. Also, while nkx2.2a is hardly expressed in posterior regions, nkx2.2b shows robust expression throughout the embryonic trunk. The situation of nkx2.2 genes in zebrafish represents another example for a fish-specific gene duplication with divergent expression patterns as has already been shown for several other genes (Amores et al., 1998 (Amores et al., , 2004 Postleithwait et al., 2000; Winkler et al., 2003a,b and others) . All data presented here are consistent with a possible partial subfunctionalization of zebrafish nkx2.2 genes, i.e. an incomplete partition of ancestral functions between the duplicates (Force et al., 1999) .
Different aspects of nkx2.2b expression in zebrafish and higher vertebrates
There are apparent species-specific differences in the organization of the ventral neural tube in different vertebrate species (Strähle et al., 2004) . In higher vertebrates, the LFP for example has a larger width when compared to that in zebrafish, where it is only one cell wide. Furthermore, nkx2.2 in chicken is expressed broadly in the LFP and the dorsally adjacent p3 domain. There, it controls formation of V3 interneurons and oligodendrocytes Qi et al., 2001; Sun et al., 2001; Fu et al., 2002) . On the other hand, nkx2.2b expression in the zebrafish trunk is restricted to the LFP at the 18-somite stage (Fig. 3) and at 48 hour post fertilization (hpf; data not shown). In addition, no cell layer between the nkx2.2b positive LFP and the directly adjacent motoneuron domain was observed that would correspond to the p3 domain. Therefore, the presence and origin of V3 neurons and p3-derived oligodendrocytes in zebrafish remain unclear. The availability of LFP specific expression markers will allow future approaches to analyse the differences of ventral neural tube organization and patterning in different vertebrates. Recently, it has been reported that tal2 is expressed in the zebrafish LFP, but not the MFP (Pinheiro et al., 2004) . However, tal2 is also found in more dorsally located regions in the neural tube. On the other hand, in the zebrafish trunk nkx2.2b is exclusively expressed in the LFP, thus making it a unique tool to study the mechanisms of LFP formation and to identify LFP deficient zebrafish mutants.
Establishing the nkx2.2b domain in the ventral neural tube of zebrafish
A complex network of inducing and repressing activities sets up the expression of several homeobox genes in the vertebrate neural tube. Cell transplantation experiments in chicken have shown that Shh signalling from the MFP induces floor plate marker expression in the neural ectoderm and consequently LFP specification (Charrier et al., 2002) . In addition, Shh activity establishes a gradient that is responsible for the generation of distinct neural progenitor domains. It has earlier been shown that nkx2.2 genes encoding class II homeobox proteins are induced by HH signalling (Barth and Wilson, 1995; Ericson et al., 1997) . In our report, we have shown that also nkx2.2b is up-regulated by ectopic Shh. Furthermore, in different homozygous Shh signalling deficient zebrafish mutants, nkx2.2b expression was absent confirming the requirement of Shh for nkx2.2b activation.
There are important differences, when the regulation of nkx2.2b by Shh was compared to that of nkx2.2a, as reported earlier (Barth and Wilson, 1995) . While ectopic Shh induced a dorsal expansion of nkx2.2a mainly in the MDB, nkx2.2b was expanded to different extents in various subdomains of the developing brain.
Interestingly, nkx2.2b was not significantly expanded in the MDB. Differences were also observed when regulation by Nodal signalling was analysed. While nkx2.2a was strongly reduced in cyc mutants (Barth and Wilson, 1995) , nkx2.2b showed hardly any reduction in oep mutants. This suggests that after gene duplication, both nkx2.2 genes acquired different modes of transcriptional control and respond differently to various signalling factors along the embryonic AP axis.
In higher vertebrates, nkx2.2 genes are repressed by retinoids synthesized in the paraxial mesoderm (Novitch et al., 2003) . We have shown that exogenous RA inhibits nkx2.2b expression. Vice versa, nkx2.2b is up-regulated in embryos treated with the RA antagonist DEAB. Interestingly, in neural plate explants of chicken, simultaneous application of Shh and exogenous RA inhibited nkx2.2 transcription, possibly by up-regulation of pax6 (Novitch et al., 2003) . Furthermore, electroporation of a dominantnegative RAR receptor into the chicken neural tube resulted in an expansion of the nkx2.2 expression domain (Novitch et al., 2003) . Thus, our data of nkx2.2b repression by retinoid signalling in zebrafish are compatible with the data in chicken and show for the first time that also in zebrafish retinoids are implicated in DV patterning of the neural tube.
nkx2.2b transcription is also inhibited by ectopic isl1 expression. During development, endogenous isl1, a downstream component in the hierarchy leading to motoneuron specification (Pfaff et al., 1996) , is expressed later than nkx2.2b only in a subset of cells of the pMN domain. This indicates that isl1 is not responsible for the restriction of the complete nkx2.2b expression domain. Our findings instead suggest a model where isl1 might prevent ectopic nkx2.2b activation in already determined motor neuron precursor cells. Thus, this indicates that several pathways are integrated to restrict nkx2.2b transcription to the LFP in zebrafish. Future studies have to show whether a p3 neural progenitor domain, positive for nkx2.2 in higher vertebrates, exists in zebrafish and whether nkx2.2b is involved in V3 interneuron and oligodendrocyte specification as it has been shown for the corresponding ortholog in mice and chicken.
Experimental procedures
Wild-type and mutant fish
Fish were reared and embryos obtained as described (Westerfield, 1994 ) from mating of wild-type or heterozygous mutant carriers. Embryos were incubated at 28-30 8C and staged according to Kimmel et al. (1995) . Wildtype stocks were kept as closed colonies in our fish facility since many generations. Mutants strains used were you-too (yot ty17a , gli2), detour (dtr te370a , gli1), sonic you (syu t4 , shh), slow muscle omitted (smu b641 , smoothened) and one eyed pinhead (oep m134 ).
Isolation of nkx2.2b
We used the nkx2.2a (nk2.2) sequence reported by Barth and Wilson (1995) to search the available zebrafish EST databases (http://www.ncbi.nlm.nih.gov/BLAST/) for related sequences. Two overlapping ESTs of 496 and 458nt (accession numbers AI722891 and AI722890) were identified that encoded parts of a putative Nkx2.2 related protein. As this protein was clearly different from Nkx2.2a, it was named Nkx2.2b. Based on the EST sequence, primers NKX2.2-UP (5 0 -AAACAGCACGACTCCTCCAG-3 0 ) and NKX2.2-DOWN (5 0 -GCGGAAACGGCTTCATATT-3 0 ) were designed to PCR amplify a 478nt nkx2.2b fragment from cDNA of zebrafish embryos at 24 hpf. This fragment was cloned into pCRII using the TOPO TA cloning kit (Invitrogen) to obtain pCRII-nkx2.2b. The cloned EST sequence was used to screen a spotted zebrafish cDNA library (library #524, whole embryo cDNA, German Resource Center RZPD, Berlin). One positive clone (ICRFp524D0945Q8) was identified and the insert (1238nt) was sequenced. The sequence could be translated into a putative Nkx2.2b protein of 205 amino acids with the N-terminus lacking. To obtain a full-length coding sequence, the cDNA sequence was used as query for searching the Zebrafish genomic database (http://www. ensembl.org/Danio_rerio/blastview) that revealed genomic information for the missing N-terminus of the protein. The full-length coding sequence was assembled and used for phylogenetic analysis. The nkx2.2b sequence was submitted to GenBank (accession number AY729018).
Phylogenetic analysis
Sequence analysis was performed using the GCG Wisconsin package (Version 10.3, Accelrys Inc., San Diego, CA). Multiple sequence alignments were generated using PileUp from the GCG Wisconsin package and ClustalX (Thompson et al., 1997) . Phylogenetic analyses were performed on an alignment of 347 amino acids using the neighbour-joining (Saitou and Nei, 1987 ; 1000 pseudosamples) and maximum parsimony (100 pseudosamples) methods as implemented in PAUP* (Swofford, 1998) , and quartet-based maximum likelihood analysis with TREE-PUZZLE (Schmidt et al., 2002) . Nkx2-related sequences were retrieved by screening databases accessible from the NCBI (http://www.ncbi.nlm.nih.gov/BLAST/) and Ensembl (http://www.ensembl.org/Danio_rerio/) BLAST servers.
Radiation hybrid mapping
To locate nkx2.2b on the zebrafish linkage map, radiation mapping was performed using the mouse/zebrafish radiation hybrid DNA panel LN54 that was kindly provided by Marc Ekker (Hukriede et al., 2001) . For mapping nkx2.2b, the upstream primer 5 0 -AACACGTACATCGCGGAGAC-3 0 and downstream primer 5 0 -TTGCAACTAACAGATGG-GAAA-3 0 were used. PCR was performed in duplicate for 35 cycles with an annealing temperature of 52.5 8C. PCR data were analysed and linkage data were obtained using the software that is provided by the Zebrafish Information Network ZFIN (http://zfish.uoregon.edu/zfin/). A LOD score of 17.7 was obtained, indicating significant linkage to the nearest marker.
DEAB and retinoic acid treatment
Treatment of embryos with serial dilutions (10 K4 -10 K10 M) of all-trans retinoic acid (Sigma) were performed as described (Winkler and Moon, 2001) , except that embryos were manually dechorionated prior to exposure between shield and the 18-somite (18s) stage. Using the same protocol, embryos were also incubated in 10 K8 M DEAB (diethylaminobenzaldehyde; Aldrich) that inhibits endogenous retinoic acid synthesis.
Whole mount RNA in situ hybridization and immunostaining
An nkx2.2b antisense riboprobe was prepared using pCRIInkx2.2b as template. For nkx2.2a (Barth and Wilson, 1995) , a 700 bp cDNA fragment corresponding to the 5 0 untranslated region (UTR) and the partial open reading frame (ORF) including the homeobox region was PCR amplified from cDNA of zebrafish embryos at 18 hpf (primers nk2.2up, 5 0 -CTT TGG CAT TCT TCC TGG AC-3 0 ; and nk2.2down, 5 0 -AAT CAA ACT GGC GAG ATG CT-3 0 ). The amplified fragment was subcloned and used as template for in vitro transcription. One and two colour in situ hybridizations were performed as described (Winkler and Moon, 2001) . Immunostaining was done essentially as described (Westerfield, 1994) . The monoclonal mouse antibody Znp-1 was used at a 1:100 dilution to detect motoneurons. Antibody staining was visualized using the Vectastain ABC kit (Vector Laboratories) and Fast DAB (Sigma). Embryos were mounted in glycerol and photographed as whole mounts or after manual sectioning with a razor blade.
Microinjection of capped mRNA into zebrafish embryos
Capped mRNA was prepared using the Sp6 mMessage mMachine kit from Ambion as described previously (Winkler et al., 2003b ) using a pCS2PCvector containing the full-length cyc cDNA (Rebagliati et al., 1998) , fulllength isl1 cDNA (amplified with primers 5 0 -GGGA-GATCTCCACCATGGGGGATCCACCGAAA-3 0 and 5 0 -GGGTCTAGACTAGGCCTCTATAGGACTCGC-3 0 ) and a pSp64T based shh expression vector (Krauss et al., 1993) as template. Two picogram cyc RNA and 80 pg shh RNA were injected into one-to two-cell stage zebrafish embryos. Injected embryos were raised at 28-30 8C until they reached the desired stage and then processed for in situ hybridization.
